Metal containing hydrogenated diamond-like carbon coatings (Me-DLC, Me = Al, Ti, or Nb) of 3 ± 0.2 µm thickness were deposited by a magnetron sputtering-RFPECVD hybrid process in an Ar/H 2 /C 2 H 2 mixture. The composition and structure were investigated by Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy. The residual stress was measured using the curvature method and nanoindentation was used to determine the hardness and the Young's modulus. A Ball-on-disk tribometer was employed to investigate the frictional properties and sliding wear resistance of films. The results show that the properties depend on the nature and the Me content in the coatings. The doping of the DLC coatings leads to a decrease in hardness, Young's modulus, and residual stresses. Wear rate of the films first decreases with intermediate Me contents and then increases for higher Me contents. Significant improvements in the friction coefficient on steel as well as in the wear rate are observed for all Al-DLC coatings, and, concerning the friction coefficient, the lowest value is measured at 0.04 as compared to 0.07 for the undoped DLC.
Introduction
Diamond-like carbon (DLC) is a metastable form of amorphous carbon with sp 2 -bonded clusters interconnected by a random network of sp 3 -bonded atomic sites [1] . The properties of such coatings are directly related to the hybridization state of carbon bonds and the hydrogen content. The combination of chemical inertness, low friction coefficient, high hardness, and good wear resistance make DLC films very suitable for a wide variety of biomedical [2] [3] [4] [5] [6] [7] [8] [9] , mechanical [10] [11] [12] [13] and tribological applications [14] [15] [16] [17] [18] [19] [20] . However, the high compressive stress, which limits the thickness of coatings, represents a main disadvantage of DLC coatings. One of the methods to reduce the stress are based on the use of different film compositions, for instance, with silicon addition [21] or multi layered architectures [22] . Recently, metal-containing hydrogenated diamond-like carbon coatings (Me-DLC) have attracted great interest since their initial appearance two decades ago [23] [24] [25] . The Me-C:H coating has high elasticity and a low friction coefficient, which can be useful for many engineering applications [26] [27] [28] [29] [30] . In addition, the hardness can be adapted to find a compromise between excellent running behavior and a low friction coefficient. 
Composition and Structure Characterizations
The chemical composition of the Me-DLC coatings was obtained by energy dispersive spectroscopy (EDS) analyses (Bruker Nano GmbH, Berlin, Germany) applying an accelerating voltage of 20 kV. The film thicknesses were 3 ± 0.5 μm. X-ray Photoelectron Spectroscopy (XPS) (Thermo Scientific, Waltham, MA, USA), with a monochromatic Al Kα irradiation (hν = 1486.6 eV), was used to analyze composition and chemical bond. A primary sputtering by Ar + ions, during 60 s with a passing energy of 50 eV was achieved to remove surface contaminants. X-ray diffraction was performed to characterize the structure of Me-DLC coatings. A D8-ADVANCE goniometer from Bruker advance (Karlsruhe, Germany) was used with Bragg-Brentano geometry. It is equipped with a copper anticathode (λ = 1.54 Å) and a LynxEye XE detector. The treatments of the diffractograms and the identification of the crystalline phases were made using EVA software. The carbon atoms arrangement was analyzed using Raman scattering spectroscopy (Horiba Jobin-Yvon LabRam Raman confocal spectrometer (341-K), Palaiseau, France) with a He/Ne laser (λ = 632.8 nm) (E = 1.96 eV). To prevent damage to the coating, the laser power on the sample was 0.6 mW with a lateral resolution of the order of a micrometer. For all measurements, a 1800 grooves/mm diffraction grating, a confocal hole diameter of 200 μm, and a spectrograph entrance slit of 150 μm were used. All of the measurements were recorded for a spectral range of 600 to 2000 cm −1 , under the same conditions (30 s of integration time).
Mechanical Properties
Residual stress in the coatings was determined by measuring the curvature radius of the substrate, before and after deposition, using a tactile profilometer (Altisurf 500, Altimet, Marin, France). The stress value is calculated from Stoney's equation (Equation (1)) [48] . The substrates were rectangular iron foils (60 × 3 × 0.1 mm 3 ).
where Es and νs the modulus of elasticity and the Poisson's ratio of the substrate, R1 and R2 the radius of curvature of the iron substrate before and after deposition, respectively. ts and tf are the substrate and coating thicknesses, respectively. The Poisson's ratio of the substrate is 0.27 and its Young's modulus is 208 GPa [49] . The iron foils used for residual stress measurements underwent a thermal stress relieving treatment (annealing: temperature rise for 1 h, with a hold at 600 °C for 2 h, then slow cooling to room temperature). This treatment was carried out in a secondary vacuum. Hardness and Young's modulus of the coatings (about 3 ± 0.5 μm thick) were determined by an instrumented nanoindentation technique while using a Nano XP nanoindenter, MTS Systems Corporation (now KLA Tencor, San José, CA, USA) with a Berkovich diamond tip. Twelve indentations in single penetration mode were carried out on each of the layers deposited on steel substrates. The maximum penetration depth of the indenter was 400 nm.
Friction and Wear Testing
The tribological behaviour of Me-DLC coatings was evaluated on a ball-on-disc tribometer ( Figure 2 ) (CSM Instruments, now Anton Paar, Neuchatel, Switzerland) under dry sliding conditions. A 6 mm diameter alumina ball was used as the counter body. All of the tests were performed at a sliding velocity of 10 cm/s for a sliding distance of 2525 m (100,000 cycles) and the applied normal 
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Friction and Wear Testing
The tribological behaviour of Me-DLC coatings was evaluated on a ball-on-disc tribometer ( Figure 2 ) (CSM Instruments, now Anton Paar, Neuchatel, Switzerland) under dry sliding conditions. A 6 mm diameter alumina ball was used as the counter body. All of the tests were performed at a sliding velocity of 10cm/s for a sliding distance of 2525 m (100,000cycles) and the applied normal load was 10 N; the reciprocating frequency was 10 Hz. These parameters are summarized in Table 2 . After tests, the surface profiles of the wear tracks were measured while using a tactile profilometer (Altisurf 500, Altimet, Marin, France). The wear rates of tested coatings were calculated using the following equation (Equation (2)).
where K is wear rate, V is wear volume loss, N is applied normal load, L is total sliding distance.
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Chemical Composition
Adjustment of metal content in the Me-DLC coatings is controlled by the variation of the metallic target current. The chemical composition of the samples is calculated from EDS analysis. The Me/C ratio representing the chemical composition of the coatings is shown in Table 3 . The results show an increase in the Me/C ratio as a function of the metallic target current. This confirms the doping efficiency by this type of PECVD/magnetron sputtering hybrid process. 
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The chemical bonds of pure DLC and Me-DLC films with different Me (Al, Ti) contents were analyzed by X-ray photoelectron spectroscopy (XPS). Figures 4 and 5 show the corresponding highresolution C1s and Ti2p core level spectra respectively for Ti-DLC. Figures 6 and 7 show the C1s and Al2p high-resolution XPS spectra, respectively, of Al-DLC coatings. In this study, all spectra were calibrated at 285 eV (Csp 3 ). The peak fitting of the C1s region (Figures 4 and 6) shows six types of carbon species for Ti-DLC and Al-DLC coatings and five for undoped DLC. They include two contributions: aromatic C=C at 284.4 eV and aliphatic C-C at 285 eV. These contributions are attributed, respectively, to sp 3 and sp 2 hybridization of carbon. sp 3 hybridization is attributed to diamond and sp 2 hybridization is attributed to the presence of graphite. We can notice that the sp 2 composition of the signal C1s increases at the expense of that of the sp 3 carbon hybridation when the Ti/C and Al/C ratios increase. In other words, the incorporation of titanium or aluminum into the coatings promotes the graphitic phase of carbon. The C1s signal also contains carbon hydroxide C-OH at 286 eV, carbon carboxylate COO − at 287, and Binding energy (eV) The peak fitting of the C1s region (Figures 4 and 6) shows six types of carbon species for Ti-DLC and Al-DLC coatings and five for undoped DLC. They include two contributions: aromatic C=C at 284.4 eV and aliphatic C-C at 285 eV. These contributions are attributed, respectively, to sp 3 and sp 2 hybridization of carbon. sp 3 hybridization is attributed to diamond and sp 2 hybridization is attributed to the presence of graphite. We can notice that the sp 2 composition of the signal C1s increases at the expense of that of the sp 3 carbon hybridation when the Ti/C and Al/C ratios increase. In other words, the incorporation of titanium or aluminum into the coatings promotes the graphitic phase of carbon. The C1s signal also contains carbon hydroxide C-OH at 286 eV, carbon carboxylate COO − at 287, and Binding energy (eV) The peak fitting of the C1s region (Figures 4 and 6) shows six types of carbon species for Ti-DLC and Al-DLC coatings and five for undoped DLC. They include two contributions: aromatic C=C at 284.4 eV and aliphatic C-C at 285 eV. These contributions are attributed, respectively, to sp 3 and sp 2 hybridization of carbon. sp 3 hybridization is attributed to diamond and sp 2 hybridization is attributed to the presence of graphite. We can notice that the sp 2 composition of the signal C1s increases at the expense of that of the sp 3 carbon hybridation when the Ti/C and Al/C ratios increase. In other words, the incorporation of titanium or aluminum into the coatings promotes the graphitic phase of carbon. The C1s signal also contains carbon hydroxide C-OH at 286 eV, carbon carboxylate COO − at 287, and carbonyl C=O at 288 eV. These components are associated with oxygen in the layers. In addition, according to the literature, the low energy contribution of 283 eV on the C1s spectrum is attributed to titanium carbide TiC (Figure 4) [52] . However, no aluminum carbide peak is detected (about 281.5 eV) in the C1s spectra of Al-DLC coatings ( Figure 6 ).
The Ti2p spectrum ( Figure 5 ) was fitted with three doublets, each being separated by 6 ± 0.5 eV, corresponding to titanium carbide TiC (Ti 2p 3/2 to 455.0 eV, Ti 2p 1/2 to 461.0 eV) and titanium oxides; TiO (Ti 2p 3/2 at 454.6 eV, Ti 2p 1/2 at 460.2 eV) and TiO 2 (Ti 2p 3/2 at 458.9 eV, Ti 2p 1/2 at 464.6 eV) [53] , respectively. Figure 7 reveals that the Al2p XPS spectra, decomposed into three contributions, have a binding energy at about 74.5 eV [54] corresponding to the peak Al-O, at 73 eV [55] associated with metallic Al and at 75 eV corresponding to AlOOH. This indicates that Al incorporated in the carbon matrix exists mainly in the metallic and/or oxide form. These results confirm those that were obtained by XRD analysis. Raman spectroscopy is a fast and non-destructive tool widely used for the characterization of DLC structures [56] [57] [58] [59] . Usually, the Raman spectroscopy analysis of DLC films favors the 1000-1700 cm −1 region largely dominated by the bands originating from the A 1g breathing (D-band) carbon bonded mode of sp 2 disordered carbon atoms sites as aromatic rings structure and E 2g stretching (G-band) carbon bonded mode of all pairs of sp 2 disordered carbon atoms as both aromatic and olefinic molecules. The G-band so-called graphitic-band is centered in the range 1500-1630 cm −1 and D-band (D for disordered) is located at about 1350 cm −1 .
The relative ratio of the D peak to G peak (I D /I G ), their positions and their FWHM (Full Width at Half Maximum) can be used to characterize the sp 3 /sp 2 bonding ratio. I D /I G and the peak positions of G and D bands were presented as a function of Me/C ratio in [47] . A sharp increase in the I D /I G ratio is observed when the metal dopants are incorporated in the DLC films. Then, I D /I G increases moderately as the dopant content increases further. This result, usually associated with a decrease in the Csp 3 fraction, is attributed to the increasing disorder within the structure of all Me-DLC coatings [60] . It is also the sign of an increase in the size of the sp 2 type aggregates contained in the carbon matrix [56, 59, 60] . A stabilization of the I D /I G ratio was observed for Nb-DLC coatings for high values of the Nb/C ratio [47] . This is associated with a stabilization of the disorder for the high metallic content elements, related to the maintenance of the organization of graphitic clusters Csp 2 that are present in the carbon matrix [1] . At the same time, an increase in the positions of the two bands D and G towards the large wave numbers is observed as a function of the metal content in the coatings, as shown in [47] .
In general, the displacement of the band G towards the large wave numbers is attributed to the increase of the Csp 2 component (aromatic and/or chain cycles) [61] , associated with the confinement of the π electrons in short chains, and the displacement of the position of the D band is associated with a decrease in the disorder of the sp 2 aromatic clusters [62] . Furthermore, the increase in FWHM (D), as observed in the cases of Me-DLC (Figure 8 ), can be associated with an increase in the number of graphitic clusters. Thus, the decrease of FWHM (D) and FWHM (G) indicates a relaxation of the distortions and consequently a gradual reduction of the defects in the carbon network Csp 2 [1] . On the basis of these observations, we can suggest that the incorporation of a metallic element (Al, Ti, or Nb) in the amorphous matrix of carbon leads, at first, to a disorder in DLC. This disorder is linked to the change of carbon from its chain form to aromatic rings form. Then, this disorder decreases when the nanocrystalline form of graphite begins to set up, this when the metal content becomes high in Me-DLC coatings. On the basis of these observations, we can suggest that the incorporation of a metallic element (Al, Ti, or Nb) in the amorphous matrix of carbon leads, at first, to a disorder in DLC. This disorder is linked to the change of carbon from its chain form to aromatic rings form. Then, this disorder decreases when the nanocrystalline form of graphite begins to set up, this when the metal content becomes high in Me-DLC coatings.
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Mechanical Properties
Residual Stress
Evolution of residual stress in the Me-DLC films with Me/C ratio is shown in Figure 9 and results demonstrate a remarkable decrease in residual stresses, for all coatings, when the metal dopants are incorporated into the carbon matrix. As compared to an undoped DLC (1.8 GPa), the residual stresses reach a value of 0.22 GPa for an Al/C ratio equal to 0.10. Concerning Ti-DLC coatings, a significant decrease in residual stresses (between 0.6 and 0.8 GPa) is observed as soon as small concentrations of Ti are introduced into the DLC coatings. This same effect is also observed for the Nb-DLC, where the residual stresses reach very low values. The lowest value, which is 0.02 GPa, was obtained for a Nb-DLC coating with a Nb/C ratio of 0.09. 
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Mechanical Properties
Residual Stress
Evolution of residual stress in the Me-DLC films with Me/C ratio is shown in Figure 9 and results demonstrate a remarkable decrease in residual stresses, for all coatings, when the metal dopants are incorporated into the carbon matrix. As compared to an undoped DLC (1.8 GPa), the residual stresses reach a value of 0.22 GPa for an Al/C ratio equal to 0.10. Concerning Ti-DLC coatings, a significant decrease in residual stresses (between 0.6 and 0.8 GPa) is observed as soon as small concentrations of Ti are introduced into the DLC coatings. This same effect is also observed for the Nb-DLC, where the residual stresses reach very low values. The lowest value, which is 0.02 GPa, was obtained for a Nb-DLC coating with a Nb/C ratio of 0.09. The effect of strong carbide formers (titanium and niobium) is more pronounced than that of aluminium. It is assumed that this different behaviour can be explained by a different evolution of structure. As it has been shown in Section 3.1, Ti or Nb addition leads to carbide clusters/aggregates by creating bonds with carbon that break the DLC bonds and break the continuity of the carbon matrix. On the other hand, Al is dispersed in the carbon matrix and has a significant effect only for a Al/C ratio above 0.5. Similar evolutions of internal stresses of the DLC coatings, as a function of the metal content, were also obtained by Dai and Wang for Al-DLC coatings [40] , and by C. Corbella for Me-doped DLCs (W, Mo, Nb, and Ti) [45] . According to their model, Choi et al. [63] suggest that the stress reduction in Me-DLC coatings is possible without significant deterioration of mechanical properties due to the pivotal role of the metal atoms; a distortion of the angle of the atomic bond may occur without a significant increase in elastic energy, which may be considered as resulting from weak and less directional Me-C bonds.
Hardness and Young's Modulus
The undoped DLC has a hardness of 23.6 GPa and a Young's modulus of 197 GPa and it can be observed that these values decrease when metal is incorporated in a carbon matrix (Figure 10 ). Hardness is in the range of 20 to 12 ± 2 GPa for Al-DLC, Ti-DLC, and Nb-DLC coatings and Young's modulus is between 95 and 170 ± 5 Gpa, with the increase in the Me/C ratio. This drop in hardness and Young's modulus of Me-DLC coatings can be an effect of the microstructural rearrangements of the Me and/or MeC nanoparticles in the DLC matrix. The mechanical properties of DLC coatings depend mainly on the sp 3 carbon content. According to the Raman results mentioned in Section 3.2, the incorporation of metal atoms has a strong effect on the increase of the I D /I G ratio associated with the decrease of the Csp 3 /Csp 2 ratio. This results in a decrease in the hardness and Young's modulus of the Me-DLC coatings.
The undoped DLC has a hardness of 23.6 GPa and a Young's modulus of 197 GPa and it can be observed that these values decrease when metal is incorporated in a carbon matrix (Figure 10 ). Hardness is in the range of 20 to 12 ± 2 GPa for Al-DLC, Ti-DLC, and Nb-DLC coatings and Young's modulus is between 95 and 170 ± 5 Gpa, with the increase in the Me/C ratio. This drop in hardness and Young's modulus of Me-DLC coatings can be an effect of the microstructural rearrangements of the Me and/or MeC nanoparticles in the DLC matrix. The mechanical properties of DLC coatings depend mainly on the sp 3 carbon content. According to the Raman results mentioned in Section 3.2, the incorporation of metal atoms has a strong effect on the increase of the ID/IG ratio associated with the decrease of the Csp 3 /Csp 2 ratio. This results in a decrease in the hardness and Young's modulus of the Me-DLC coatings. Figure 11 shows the friction behavior of Me-DLC as compared with that of undoped DLC. In the case of aluminum, a significant improvement in the coefficient of friction is observed for all Al-DLC coatings and the lower value is measured at 0.04 (Figure 11a ). Moreover, profiles show a great stability of the friction coefficient from the first cycles to the end of the tests. These values are lower than that of undoped DLC (μ = 0.07). The friction profiles of Ti-DLC coatings (Figure 11b ) reveal a more or less stable behavior and show an improvement in the case of Ti/C = 0.022. Like for Ti-DLC coatings, Nb-DLC coatings show a decrease in friction coefficients for a weak Nb doping (Figure 11c ). For higher Nb contents, (Nb/C = 0.180, for example), the coefficient of friction increases and becomes higher than that of the undoped DLC. The average friction coefficient of DLC coatings decreases when low metal element concentrations are incorporated into the carbon matrix. Then, for higher levels, the coefficient of friction continues to decrease in the case of Al-DLC coatings, while it begins to increase for Ti-DLC and Nb-DLC coatings. Figure 11 shows the friction behavior of Me-DLC as compared with that of undoped DLC. In the case of aluminum, a significant improvement in the coefficient of friction is observed for all Al-DLC coatings and the lower value is measured at 0.04 (Figure 11a ). Moreover, profiles show a great stability of the friction coefficient from the first cycles to the end of the tests. These values are lower than that of undoped DLC (µ = 0.07). The friction profiles of Ti-DLC coatings (Figure 11b ) reveal a more or less stable behavior and show an improvement in the case of Ti/C = 0.022. Like for Ti-DLC coatings, Nb-DLC coatings show a decrease in friction coefficients for a weak Nb doping (Figure 11c ). For higher Nb contents, (Nb/C = 0.180, for example), the coefficient of friction increases and becomes higher than that of the undoped DLC. The average friction coefficient of DLC coatings decreases when low metal element concentrations are incorporated into the carbon matrix. Then, for higher levels, the coefficient of friction continues to decrease in the case of Al-DLC coatings, while it begins to increase for Ti-DLC and Nb-DLC coatings. By incorporating Me (Me = Al, Ti or Nb) dopants in the DLC coatings, the fraction of the sp 2 phase increases, which favours the lubrication properties [31, 64, 65] , and, thus, a lower friction coefficient for weak metal contents. It is usually admitted that the low friction coefficient of DLC coatings is due to wear induced graphitization, which occurs from a localized increase in temperature at the tribological contacts. As a result, a low shear graphitic intermediate layer is formed between By incorporating Me (Me = Al, Ti or Nb) dopants in the DLC coatings, the fraction of the sp 2 phase increases, which favours the lubrication properties [31, 64, 65] , and, thus, a lower friction coefficient for weak metal contents. It is usually admitted that the low friction coefficient of DLC coatings is due to wear induced graphitization, which occurs from a localized increase in temperature at the tribological contacts. As a result, a low shear graphitic intermediate layer is formed between the ball material and the coating, thereby reducing friction (tribofilm). As the aluminum content increases, the friction coefficient of the Al-DLC coatings continues to decrease, which could be associated with surface oxidation and/or to an optimal aluminum content in the coatings that are associated with an optimal size and distribution of the sp 2 clusters in the DLC matrix. However, when the concentration of Ti or Nb is high (Ti/C ≥ 0.110 and Nb/C ≥ 0.090), the friction coefficient increases. This may be due to the large amount of carbides that play a role as an abrasive body that breaks down the carbon matrix and causes severe wear. In this case, the increase of roughness when Ti or Nb increase in Ti-DLC and Nb-DLC coatings, as discussed in [47] , can explain the increase of friction coefficients of these coatings. Figure 12 shows the wear rate of Me-DLC (Me = Al, Ti or Nb) as a function of the Me/C ratio. Wear resistance of the Me-DLC coatings is significantly improved as compared to that of undoped DLC ( Figure 12 ). The wear rate of the Al-DLC coatings gradually decreases as the Al/C ratio increases from 0 to 0.053, then increases again for Al/C ratio about 0.100. A clear decrease in wear rates of Ti-DLC coatings was also observed with a small amount of titanium into DLC coatings. This drop appears to be significant for intermediate Ti contents. The lowest wear rate is about 3 × 10 -8 mm 3 /N·m for Ti/C = 0.053. Higher contents of titanium (Ti/C ratio > 0.1) lead to a sharp increase of the wear rate. Significant improvement in wear resistance is also observed for intermediate Nb contents; the wear rates are 3.282 × 10 -8 and 5.570 × 10 -8 mm 3 /N·m for Nb/C ratios 0.002 and 0.035, respectively. However, for higher Nb contents (Nb/C ≥ 0.090), the wear rate increases dramatically and reaches higher values than the undoped DLC.
Tribological Performances
The addition of a metallic dopant with weak content favours the sp 2 hybridation of carbon and disorder of the matrix (Section 3.1.2), which is associated with better friction behaviour and low wear rates. For higher metal contents, it has been shown that roughness increases significantly [47] and hardness decreases, which can explain the higher ware rates. rates. For higher metal contents, it has been shown that roughness increases significantly [47] and hardness decreases, which can explain the higher ware rates. 
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Me-containing DLC (Me = Al, Ti, or Nb) coatings were deposited by a hybrid process combining magnetron sputtering with PECVD in Ar/H2/C2H2 mixture. Metal content in DLC films can be controlled via the target current.
For low metal contents, as-deposited films are solid solutions of metallic atoms in the carbon 
Me-containing DLC (Me = Al, Ti, or Nb) coatings were deposited by a hybrid process combining magnetron sputtering with PECVD in Ar/H 2 /C 2 H 2 mixture. Metal content in DLC films can be controlled via the target current.
For low metal contents, as-deposited films are solid solutions of metallic atoms in the carbon matrix. For high metal contents, aluminum, mainly oxidized, is detected in Al-DLC, whereas titanium or niobium carbide precipitates in the carbon matrix of Ti-DLC and Nb-DLC coatings. At low contents, the addition of metal into the coatings promotes the graphitic phase and the disorder in DLC matrix. This disorder is linked to the passage of carbon from its chain form to aromatic rings form. This disorder decreases the metal content and becomes important in Me-DLC coatings.
Addition of Al, Ti or Nb in DLC leads to a significant decrease of the stress level, hardness and Young's modulus.
Wear rate of the films first decreases with intermediate Me contents and then increases for higher metal contents.
In the case of aluminum, a significant improvement in the coefficient of friction on steel and wear rate is observed for all Al-DLC coatings, and, concerning the friction coefficient, the lowest value is measured at 0.04 as compared to 0.07 for the undoped DLC. These Al-DLC coatings, which have high potential, must be tested under lubricated conditions.
